
Marquette University Marquette University 

e-Publications@Marquette e-Publications@Marquette 

Biological Sciences Faculty Research and 
Publications Biological Sciences, Department of 

12-2008 

Adverse Effects of Chronic Circadian Desynchronization in Adverse Effects of Chronic Circadian Desynchronization in 

Animals in a "Challenging" Environment Animals in a "Challenging" Environment 

Fabian Preuss 
Northwestern University 

Tueming Tang 
Northwestern University 

Aaron D. Laposky 
Northwestern University 

Deanna M. Arble 
Marquette University, deanna.arble@marquette.edu 

Ali Keshavarzian 
Northwestern University 

See next page for additional authors 

Follow this and additional works at: https://epublications.marquette.edu/bio_fac 

 Part of the Biology Commons 

Recommended Citation Recommended Citation 
Preuss, Fabian; Tang, Tueming; Laposky, Aaron D.; Arble, Deanna M.; Keshavarzian, Ali; and Turek, Fred W., 
"Adverse Effects of Chronic Circadian Desynchronization in Animals in a "Challenging" Environment" 
(2008). Biological Sciences Faculty Research and Publications. 648. 
https://epublications.marquette.edu/bio_fac/648 

https://epublications.marquette.edu/
https://epublications.marquette.edu/bio_fac
https://epublications.marquette.edu/bio_fac
https://epublications.marquette.edu/biology
https://epublications.marquette.edu/bio_fac?utm_source=epublications.marquette.edu%2Fbio_fac%2F648&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/41?utm_source=epublications.marquette.edu%2Fbio_fac%2F648&utm_medium=PDF&utm_campaign=PDFCoverPages
https://epublications.marquette.edu/bio_fac/648?utm_source=epublications.marquette.edu%2Fbio_fac%2F648&utm_medium=PDF&utm_campaign=PDFCoverPages


Authors Authors 
Fabian Preuss, Tueming Tang, Aaron D. Laposky, Deanna M. Arble, Ali Keshavarzian, and Fred W. Turek 

This article is available at e-Publications@Marquette: https://epublications.marquette.edu/bio_fac/648 

https://epublications.marquette.edu/bio_fac/648


Marquette University 

e-Publications@Marquette 
 

Biology Faculty Research and Publications/College of Arts and 
Sciences 

 

This paper is NOT THE PUBLISHED VERSION; but the author’s final, peer-reviewed manuscript. 
The published version may be accessed by following the link in the citation below. 

 

Sleep and Biological Rhythms, Vol. 295, No. 6, (December, 2008). DOI. This article is © Wiley 
and permission has been granted for this version to appear in e-Publications@Marquette. 
Wiley does not grant permission for this article to be further copied/distributed or hosted 
elsewhere without the express permission from Wiley.  

Contents 
Abstract ......................................................................................................................................................... 2 

MATERIALS AND METHODS .......................................................................................................................... 4 

Phase shifting the LD cycle and DSS treatment. ....................................................................................... 4 

Necropsy for tissue collection. .................................................................................................................. 5 

MPO measurement. .................................................................................................................................. 6 

Statistical analysis. .................................................................................................................................... 6 

RESULTS ........................................................................................................................................................ 8 

Body weight. ............................................................................................................................................. 8 

Tissue histology and myeloperoxidase measurements. ........................................................................... 9 

DISCUSSION ................................................................................................................................................. 10 

Perspectives and Significance ................................................................................................................. 13 

GRANTS ....................................................................................................................................................... 13 

FOOTNOTES ................................................................................................................................................ 13 

REFERENCES ................................................................................................................................................ 13 

 

 

https://doi.org/10.1016/10.1152/ajpregu.00118.2008
http://epublications.marquette.edu/


Adverse effects of chronic circadian 
desynchronization in animals in a 
“challenging” environment 
 

Fabian Preuss 
Center for Sleep and Circadian Biology, Department of Neurobiology and Physiology, Northwestern 
University, Evanston, IL 
Departments of Medicine and Pharmacology and Molecular Biophysics & Physiology, Rush University 
Medical Center, Chicago, IL 

Yueming Tang 
Center for Sleep and Circadian Biology, Department of Neurobiology and Physiology, Northwestern 
University, Evanston, IL 
Departments of Medicine and Pharmacology and Molecular Biophysics & Physiology, Rush University 
Medical Center, Chicago, IL 

Aaron D. Laposku 
Center for Sleep and Circadian Biology, Department of Neurobiology and Physiology, Northwestern 
University, Evanston, IL 
Departments of Medicine and Pharmacology and Molecular Biophysics & Physiology, Rush University 
Medical Center, Chicago, IL 

Deanna Arble 
Center for Sleep and Circadian Biology, Department of Neurobiology and Physiology, Northwestern 
University, Evanston, IL 
Departments of Medicine and Pharmacology and Molecular Biophysics & Physiology, Rush University 
Medical Center, Chicago, IL 

Ali Keshavarzian 
Center for Sleep and Circadian Biology, Department of Neurobiology and Physiology, Northwestern 
University, Evanston, IL 
Departments of Medicine and Pharmacology and Molecular Biophysics & Physiology, Rush University 
Medical Center, Chicago, IL 

Fred W. Turek 
Center for Sleep and Circadian Biology, Department of Neurobiology and Physiology, Northwestern 
University, Evanston, IL 
Departments of Medicine and Pharmacology and Molecular Biophysics & Physiology, Rush University 
Medical Center, Chicago, IL 
 

Abstract 
Continuous disruption of circadian rhythms, as seen in human shift workers, has been associated with 
the development of a number of adverse mental and physiological conditions. However, scientific 



evidence linking circadian disruption to overall health, particularly in animal models, is not well 
documented. In this study, we have demonstrated that exposing C57BL/6J mice to 12-h phase shifts 
every 5 days for 3 mo had no effect on body weight or intestinal physiology. However, when animals 
were further challenged with dextran sodium sulfate to induce colitis, chronic shifting of the light-dark 
cycle led to a dramatic increase in the progression of the colitis as indicated by reduced body weight, 
abnormal intestinal histopathology, and an exacerbated inflammatory response. These data indicate 
that circadian disruption is an important predisposing factor that may provoke the onset or worsening of 
various disease states such as inflammatory disorders. This study provides further evidence for 
continued investigations using animal models of circadian disruption to examine the consequences of 
circadian disruption on health when organisms are faced with a “challenging” environment. 

throughout the animal kingdom, a robust 24-h diurnal rhythmicity is exhibited at the cell, tissue, organ, 
and behavioral levels of the organism.9,23 Recent studies have found that the core molecular 
transcriptional-translational circadian regulatory feedback loop(s) is present in most cells/organs of the 
body (e.g., heart, lung, intestine) and that this 24-h molecular clock regulates the diurnal timing of the 
expression of hundreds, and possibly thousands, of clock-controlled genes.17 The circadian clock is the 
mechanism by which organisms achieve synchronization to their external environment and maintain 
internal synchronization among physiological systems. Despite the ubiquitous nature of the circadian 
clock and the myriad of biochemical, cellular, physiological, and behavioral processes that are under its 
organizational control, there are surprisingly few examples in the literature demonstrating clear, robust 
effects of circadian disruption on the health status or disease state in humans or animal models. 

It could be argued that the adverse mental and physical effects associated with human shift work, 
including several chronic diseases such as diabetes, cardiovascular disease, and gastrointestinal 
disorders, represent strong evidence that chronic disruption of circadian rhythmicity at the whole 
organism level imposes a serious challenge to human health.2,4,8 However, despite a few sporadic 
reports in rodents, there is very little evidence in animal models that continuous disruption of normal 
circadian temporal organization is detrimental to the health of the organism or that circadian 
disorganization is a risk factor for specific organ diseases.3,12,13,18 An increase in mortality recently was 
observed in old mice undergoing repeated phase shifts (6-h advances or delays) of the light-dark (LD) 
cycle,3 and changes in body weight have been recorded in rodents exposed to long-term repeated 
changes in the LD cycle (25–27). This sparse evidence supporting the importance of maintaining normal 
and consistent internal circadian organization for the health and well-being of animals raises the 
possibility that the adverse health consequences of human shift work may not be due to internal 
circadian disruption per se, but instead could be due to other factors such as chronic sleep loss or the 
social consequences associated with working and sleeping out of synchrony with the societal norm (2). It 
also is possible that circadian perturbation has minimal effects in healthy animals but may provoke the 
onset or exacerbate the severity of conditions to which the organism is predisposed due to either 
environmental or genetic factors. In the present study we have demonstrated that phase shifting the LD 
cycle by 12 h every 5 days for 3 mo had no effect on body weight or intestinal histopathology in 
C57BL/6J (B6) mice compared with nonshifted mice; however, chronic shifting of the LD cycle led to a 
drastic increase in weight loss and intestinal histopathology in animals “challenged” by chemically 
induced inflammation (colitis) compared with nonshifted challenged animals. These data indicate that 
circadian disruption may represent an important predisposing factor that could provoke the onset or 
worsening of various disease states. 
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MATERIALS AND METHODS 
Phase shifting the LD cycle and DSS treatment. 
Twenty-eight-week-old male C57BL/6J (B6) mice were singly housed and entrained to a 12:12-h LD cycle 
for 2 wk. Animals had free access to food (Harlan Teklad, no. 7012) and water throughout the study. 
After the entrainment period, one group (n = 16) was subjected to multiple phase shifts of the LD cycle 
by extending the period of light or dark every 5th day by 12 h for 3 mo. A nonshifted group (n = 15) 
remained on a constant 12:12 LD cycle for the 3-mo period. Between phase shifts 19 and 20, a colitis 
challenge was introduced to a subset of animals from the phase-shifted and nonshifted groups (11 of 
each group) by adding 2% dextran sodium sulfate (DSS; MP Biomedicals) to the daily water supply for 7 
days.30,31 The remaining mice in each group served as a DSS control and continued to receive pure water. 
After the 7 days of DSS treatment, mice were given pure drinking water for a 3-day recovery period. The 
phase-shifted animals remained on the phase shifting schedule during DSS treatment and thus were 
shifted on treatment days 3 and 8 of the 10-day DSS challenge/recovery period. An illustrative overview 
of the experimental protocol is provided in Fig. 1. All procedures in this experiment were conducted 
with Animal Care and Use Committee-approved protocols. 

Fig. 1. Protocol for phase shifting the light-dark (LD) cycle and colitis induction. The diagram illustrates the applied 
phase-shift paradigm over the 107 days of the study. Fifteen animals (n = 15) were kept continuously in a 12:12-h 
LD environment (nonshifted), whereas 16 mice were subjected to 12-h reversals of the LD cycle every 5 days 
continuously for 3 mo (phase shifted). Two percent dextran sodium sulfate (DSS) was added to the drinking water 
to a subset of animals (n = 11) from both the nonshifted and phase-shifted groups at the beginning of day 98 
(treatment day 1). After 7 days of DSS administration, the water supply was replaced with DSS-free water for a 3-
day recovery period before euthanasia and tissue collection. The phase-shifting LD cycle continued during the DSS 
treatment and recovery period (right). 

Fig. 1. Protocol for phase shifting the light-dark (LD) cycle and colitis induction. The diagram illustrates the applied 
phase-shift paradigm over the 107 days of the study. Fifteen animals (n = 15) were kept continuously in a 12:12-h 
LD environment (nonshifted), whereas 16 mice were subjected to 12-h reversals of the LD cycle every 5 days 
continuously for 3 mo (phase shifted). Two percent dextran sodium sulfate (DSS) was added to the drinking water 
to a subset of animals (n = 11) from both the nonshifted and phase-shifted groups at the beginning of day 98 
(treatment day 1). After 7 days of DSS administration, the water supply was replaced with DSS-free water for a 3-
day recovery period before euthanasia and tissue collection. The phase-shifting LD cycle continued during the DSS 
treatment and recovery period (right). 
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Fig. 1. Protocol for phase shifting the light-dark (LD) cycle and colitis induction. The diagram illustrates the applied 
phase-shift paradigm over the 107 days of the study. Fifteen animals (n = 15) were kept continuously in a 12:12-h 
LD environment (nonshifted), whereas 16 mice were subjected to 12-h reversals of the LD cycle every 5 days 
continuously for 3 mo (phase shifted). Two percent dextran sodium sulfate (DSS) was added to the drinking water 
to a subset of animals (n = 11) from both the nonshifted and phase-shifted groups at the beginning of day 98 
(treatment day 1). After 7 days of DSS administration, the water supply was replaced with DSS-free water for a 3-
day recovery period before euthanasia and tissue collection. The phase-shifting LD cycle continued during the DSS 
treatment and recovery period (right). 

Body weight loss is the most consistent and reliable continuous marker for the severity of disease state 
in the DSS model of colitis.30,31 Therefore, we monitored body weight to assess both the severity and 
progression of the DSS-induced colitis in the phase-shifted and nonshifted animals throughout the 7 
days of treatment and the 3-day recovery period. 

Necropsy for tissue collection. 
At the end of the 10-day DSS protocol, animals were euthanized using an isoflurane chamber, and 
necropsies were performed to remove colon tissues from each animal. The total colon was separated 
into three equal-size parts from the distal to the proximal end, and each part was further separated into 
two pieces; one was fixed in 4% (wt/vol) paraformaldehyde in PBS and used for tissue histopathology, 
whereas the other was used for myeloperoxidase (MPO) activity analysis. 
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Thick (7 μm) sections of all fixed tissue samples were stained with hematoxylin and eosin to examine 
histological changes, as described previously.22,29 All samples were scored blindly by a 
gastroenterological pathologist (see Acknowledgments) to determine intestinal inflammation and tissue 
damage. Seven different score categories were evaluated measuring destruction, inflammation, and 
repair. Total scores for the three separate colon sections were averaged for each individual animal. 
Scoring criteria and validation have been described previously.22,29 

MPO measurement. 
For MPO activity assays, colon tissue samples were homogenized (50 mg/ml) by sonification in ice-cold 
50 mM potassium phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethylammonium bromide 
(Sigma, St Louis, MO) according to a previously described protocol.1 The samples were then centrifuged 
at 12,000 rpm for 12 min at 4°C. The supernatant was added to a solution of O-dianisidine (Sigma) and 
hydrogen peroxide. The absorbance of the colorimetric reaction was measured using a 
spectrophotometer. MPO was expressed in units of activity per milligram of wet tissue, with 1 unit being 
the quantity of enzyme able to convert 1 μmol of hydrogen peroxide to water in 1 min at room 
temperature. MPO activity serves as a marker for neutrophil infiltration, which is a potent predictor for 
tissue (colon) inflammation.1 High neutrophil infiltration rates indicate severe inflammation in the target 
area. The relative MPO activity value was established by averaging three colon sections collected from 
each individual mouse to avoid effects of inflammatory spottiness in the colon area. 

Statistical analysis. 
Analysis of variance (ANOVA) was used to detect group × time effects in body weight measurements 
(see Fig. 2A) and in MPO scores (see Fig. 3B). The t-test was used to assess differences in body weight 
(see Fig. 2B) and histology scores (see Fig. 3A). Significance levels were set at P < 0.05 in all analyses. 
Statistics were performed using Statistica (StatSoft, Tulsa, OK). 
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Fig. 2. Body weight change during DSS challenge and recovery period. A: ANOVA for body weight for all mice alive 
at the end of study. The progression of weight loss (%change from day 0, means ± SE) during a 7-day inflammatory 
challenge (DSS was added to water supply from days 1 to 7) and a 3-day recovery period (animals received pure 
drinking water) is presented. Before this 10-day protocol, mice were maintained on either a stable LD schedule or 
a 12-h phase-shifting schedule every 5 days for 3 mo, as shown in Fig. 1. Body weight was maintained in the phase-
shifted and nonshifted control groups on pure drinking water throughout the 10-day period. The effects of the DSS 
challenge were more pronounced in the phase-shifted group as demonstrated by an earlier onset and significantly 
increased loss of body weight compared with the nonshifted group. Two animals in the DSS nonshifted group and 
5 animals in the DSS-treated shifted group (indicated by ⊗) died during the recovery period and were not included 
in the repeated-measures ANOVA analysis of body weight. *P < 0.05, phase shifted (DSS) vs. nonshifted (DSS). ‡P < 
0.05, phase shifted (DSS) vs. phase-shifted H2O control. †P < 0.05, nonshifted (DSS) vs. nonshifted H2O control. B: t-
test analysis of body weight for all surviving animals on each day of treatment and recovery: This graph depicts the 
body weight averages (means ± SE) for all DSS-challenged mice in the nonshifted and phase-shifted groups. The 2 
nonshifted and 5 shifted animals that died during the recovery period were removed from analysis only on the 
respective days of their death. Significance was determined by a t-test comparing the body weights of all living 
mice on each individual day. *P < 0.05, non shifted (DSS) vs. phase shifted (DSS). The number of animals in each 
group beginning on treatment day 5 is indicated above each bar. Significant differences in body weight between 
surviving DSS-challenged animals on the nonshifted LD cycle and phase-shifted cycle were observed on days 5–9. 
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Fig. 3. Intestinal pathophysiology. A: histological damage stains. Representative histological stains are from phase-
shifted animals with no DSS challenge (left), nonshifted animals challenged with 2% DSS (middle), and phase-
shifted 2% DSS-challenged animals (right). There was no significant histology change in the colon of phase-shifted 
mice (left) compared with that of nonshifted H2O control mice (stain not shown). The colitis induced by 2% DSS in 
mice is evidenced by mild mucosal infiltration of inflammatory cells and a reduction of goblet cells (middle). The 
DSS-induced colitis is exacerbated as evidenced by more extensive destruction of mucosal layer and mucosal 
ulceration (right). These stains were used for quantitative histological analysis of inflammation (see B). B: 
histological damage score and myeloperoxidase (MPO) activity. The quantitative measurement for tissue damage 
was achieved by blindly scoring 3 independent colon sections from each animal (representative stains are shown in 
A) collected posteuthanasia for visual characterization of destruction, inflammation, and repair using multiple 
subcategories. The total score (see materials and methods) for each animal was calculated and averaged for the 
nonshifted and phase-shifted groups. No histological damage could be observed in any of the non-DSS-treated 
animals, and thus no scores are presented. The DSS challenge led to increased damaged tissue in both groups, but 
significantly higher levels of tissue damage were observed in the phase-shifted colons (left). MPO activity was 
determined from 3 colon sections from each animal. Activity levels of both H2O control groups were 
indistinguishable and at baseline levels of neutrophil activity (data not shown). Two percent DSS-challenged 
animals in both groups showed a significant 20- to 40-fold increase in MPO activity in all samples compared with 
the baseline activity, indicating increased neutrophil infiltration into the colon. The neutrophil infiltration process 
was significantly increased in the phase-shifted mice (right) compared with nonshifted mice, suggesting higher 
levels of inflammation in these animals. The standard errors shown indicate the variation between animals in each 
group, not between individual colon sections (*P < 0.01). 

RESULTS 
Body weight. 
Body weights of the phase-shifted (26.01 ± 0.42 g, n = 16) and nonshifted animals (25.95 ± 0.30 g, n = 15) 
were indistinguishable from one another at the beginning of the DSS challenge (treatment day 0), 
indicating that persistent phase shifts of the LD cycle throughout the previous 95 days did not have an 
effect on body weight. 



In response to DSS, 2 of 11 nonshifted animals died and 5 of 11 phase-shifted animals died toward the 
end of the 10-day protocol. Based on χ2 testing, the difference in deaths between groups was not 
significant. In the repeated-measures ANOVA presented below, the 7 animals that died during days 8–10 
after initiation of DSS treatment were not included in the statistical analyses. 

As expected, the body weights of the control (non-DSS) nonshifted and shifted mice did not change over 
the 10-day experimental period (Fig. 2A). However, there was a significant decrease in body weight in 
the nonshifted group receiving DSS compared with the nonshifted H2O control group [group × time 
interaction, F(1,99) = 17.7, P < 0.001]. This significant difference in body weight first appeared on 
treatment day 6 (nonshifted DSS vs. nonshifted H2O control, P < 0.01; Fig. 2A). In the phase-shifted 
group receiving DSS, there was a dramatic reduction in body weight compared with the phase-shifted 
H2O control group [group × time interaction, F(1,99) = 34.8, P < 0.001; Fig. 2A] with the first significant 
decrease in body weight observed on treatment day 5 (phase-shifted DSS vs. phase-shifted H2O control, 
P < 0.01). 

In a final comparison, phase-shifted DSS mice exhibited a significantly lower body weight compared with 
nonshifted DSS mice [group × time interaction, F(1,117) = 6.8, P < 0.001; Fig. 2A]. This group difference 
emerged on treatment day 4 (phase-shifted DSS vs. nonshifted DSS, P < 0.01) and persisted throughout 
the treatment and recovery periods. These data indicate a significant interaction between phase shifting 
and DSS with a magnitude greater than DSS alone. 

To analyze the weight loss progression of all DSS-treated animals, including mice that died near the end 
of the protocol, which were not included in the repeated measurement statistics above, we compared 
body weight differences for all living animals on each of the seven DSS treatment days as well as during 
the three recovery days. The analysis revealed more advanced body weight loss in the phase-shifted 
mice beginning on treatment day 5 (Fig. 2B, t-test: phase-shifted DSS vs. nonshifted DSS, P < 0.05, days 
5–9). 

Tissue histology and myeloperoxidase measurements. 
Animals in the nonshifted and phase-shifted control (non-DSS) groups did not exhibit any histological 
colon tissue damage (Fig. 3A, left). As expected, the DSS-treated groups had a clear elevation in the 
histological damage score22,29 (representative stains in Fig. 3A). The colitis induced by 2% DSS in the 
nonshifted mice is evidenced by mild mucosal infiltration of inflammatory cells and reduction of goblet 
cells (Fig. 3A, middle). The DSS-induced colitis is worsened in phase-shifted mice as evidenced by more 
extensive destruction of mucosal layer and mucosal ulceration (Fig. 3A, right). The degree of DSS-
induced histological damage was significantly greater in the phase-shifted DSS group compared with the 
nonshifted DSS group [Fig. 3B, left; t(13) = 3.31, P < 0.01]. 

There was a trace amount of MPO activity in both phase-shifted and nonshifted H2O control groups 
attributable to normal basal activity (<10 U/mg tissue) with no significant difference between the H2O 
control groups (data not shown). MPO activity significantly increased following DSS administration in 
both the phase-shifted and nonshifted groups compared with the respective H2O control groups [drug 
main effect, F(1,21) = 179.7, P < 0.001]. The MPO activity was significantly greater in the phase-shifted DSS 
treated mice compared with the nonshifted DSS-treated animals [Fig. 3B, right; condition × drug 
interaction, F(1,21) = 7.5, P < 0.01]. 
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DISCUSSION 
In the present study, male B6 mice exposed to a 12-h shift of the LD cycle every 5 days for a total of 3 
mo exhibited body weights and measures of intestinal physiology that were similar to mice on a 
constant 12:12-h LD cycle for the same period of time. However, when animals were presented with a 
physiological challenge by mimicking a model disease state (e.g., a DSS challenge to imitate an intestinal 
inflammatory disorder, colitis) significant effects of circadian disruption were revealed. In response to 
DSS treatment, the phase-shifted mice exhibited more severe colitis symptomatology compared with 
DSS-treated animals that were not phase shifted, as indicated by greater body weight loss, colonic 
inflammation (MPO levels), and tissue injury (histopathology score). After DSS treatment, there was a 
trend for increased mortality in the phase-shifted DSS group (5 of 11) compared with the nonshifted DSS 
group (2 of 11), whereas none of the phase-shifted control (pure water) animals died. These data reveal 
that in healthy control (non-DSS) mice, repeated phase shifts of the LD cycle had little effect on body 
weight or intestinal physiology, whereas phase shifting had detrimental effects in animals that 
manifested coexisting colitis symptomatology. More broadly, we were able to utilize an animal 
pharmacological model of colitis to support the generalizable hypothesis that chronically phase shifting 
the 24-h LD cycle in the context of acute and/or chronic illness can aggravate the severity and/or 
progression of an existing disease state. 

A basic function of the circadian clock is to entrain the organism to the external environment via cues 
such as the LD cycle and food availability.23 In most organisms, the endogenous circadian pacemaker 
oscillates with a period slightly different from 24 h. Therefore, the circadian clock makes small 
adjustments (i.e., entrains) each day to remain synchronized to environmental time cues. In situations 
where the demands of entrainment are severe, such as a time zone change or shift work, the circadian 
clock may not be able to fully adjust, which results in a state of acute or chronic circadian 
desynchronization. The most commonly studied example of circadian desynchrony in humans is shift 
work, where the phase relationship between external time cues and internal rhythms is chronically 
disrupted, due to working either a steady or a rotating shift schedule. In today's modern industrialized 
society, a large percentage (15–20%) of the work force is engaged in some form of shift work.2 The 
occurrence of gastroenterological disorders, obesity, diabetes, cardiovascular disease, infertility, and 
some forms of cancer are more common in shift workers compared with non-shift workers.2,4,8 These 
epidemiological findings provide support for the hypothesis that the chronic disruption of circadian 
organization may lead to, or aggravate, abnormal functioning in multiple physiological systems and 
increase the risk for disease. 

Many fundamental questions about the links between circadian rhythms and human disease remain to 
be elucidated. For example, does circadian disruption lead directly to the development and onset of 
adverse health outcomes, and/or do alterations in circadian processes trigger or aggravate underlying 
conditions that already exist or for which the individual is at risk to develop (e.g., genetic 
predisposition)? Why do particular individuals suffer more consequences from shift work than others, 
and what determines which organ systems will be affected in different individuals? Furthermore, are the 
effects of circadian perturbation rooted mainly in behavioral (i.e., whole body) circadian disruption, or 
do they extend more deeply to the molecular and genetic levels? An importance advance will be to 
understand what physiological and molecular factors are involved in the links between circadian 
regulation/dysregulation and the function of multiple physiological systems. One approach to better 
define the role of circadian rhythms in physiology is to develop animal models of circadian disruption 
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under “challenging” environmental conditions. Surprisingly, there are only a few studies in the animal 
literature that have used experimental paradigms to alter circadian rhythms to examine the relationship 
between disrupted circadian organization and physiological outcomes.3,10,11,16 

Davidson et al.3 found an increase in mortality in old mice (27–31 mo of age) subjected to repeated 
weekly 6-h phase advances or delays of the LD cycle compared with nonshifted animals. Penev et al.18 
demonstrated that weekly reversal of the LD cycle in cardiomyopathic hamsters reduced median life 
span by 11% compared with nonshifted cardiomyopathic control animals. These studies provide “rare” 
examples of the consequences of circadian disruption when combined with risk factors, such as 
advanced age or an underlying cardiovascular disease. Considering the high odds ratios for 
cardiometabolic disease in human shift work,8 it will be important to more fully characterize the role of 
circadian rhythms in energy metabolism and cardiovascular function under challenging environmental 
conditions. 

Interestingly, in young healthy rats, 12-h phase shifts of the LD cycle twice per week resulted in a 
significant increase in body weight compared with nonshifted rats.26,27 Using a different phase-shifting 
paradigm, Salgado-Delgado et al.25 held the LD cycle constant but phase shifted the sleep-wake cycle in 
rats by placing them in slowly rotating wheels during either the light or dark phase on alternating weeks, 
which led to an increase in weight gain compared with control animals. In contrast, phase shifting the LD 
cycle in CD1F2 female mice had no effect on body weight,16 similar to the results in the present study for 
the phase-shifted, non-DSS-treated mice. Since few studies have been performed, there is not enough 
information to determine whether there are species or strain differences in the effects of circadian 
disruption on health and disease. 

Because so few studies have been carried out in animals to examine the effects of disrupting circadian 
rhythms on specific disease states or organ systems, it is not known whether different environmental 
(e.g., phase reversal or phase shift in the LD cycle, or environmental-endogenous period mismatch) or 
genetic perturbations have similar or differing negative consequences. In the present study, we used a 
complete reversal of the LD cycle every 5 days in an attempt to cause a maximal disruption of circadian 
organization. It is of interest to determine how different circadian disrupting protocols affect the 
pathological progressions of various disease states in view of 1) the increase in mortality seen in old 
mice exposed to chronic phase shifts in the LD cycle3 and 2) the many different ways humans phase shift 
their work-rest schedules without any knowledge of the adverse health consequences of any particular 
type of phase-shifting environment. 

In the past few years, tremendous advances have been made in demonstrating the presence of cell 
autonomous circadian clock gene networks in central, as well as most peripheral, tissues of the body, 
including the liver, heart, lungs, pancreas, skeletal and smooth muscle, and the gut.11,19 These 
discoveries have provided a framework to begin to elucidate how the circadian clock is involved in 
mediating the function of multiple tissues and how different physiological processes are integrated for 
optimal systems level function. Circadian clock mutant animals may prove to be particularly valuable in 
developing new insights into the importance of the circadian clock in health. Mice harboring a mutation 
in the canonical circadian gene, Clock, have alterations in sleep regulation, energy metabolism, 
reproduction, and various neurocognitive functions.14,15,28 Deletion of the dimeric partner of Clock, 
Bmal1, results in cardiometabolic phenotypes,24 and Per2 mutant mice are susceptible to tumor 
formation.6 Although the effects of disrupting the molecular circadian clock appear to be widespread 
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across various tissues and organs, many questions remain unanswered. For example, do perturbations 
in clock gene rhythms, and/or clock-controlled gene rhythms, alter physiological function in an organ-
specific manner? To what extent do changes in the phase relationship of circadian rhythms between 
various organ systems contribute to disease states? Furthermore, do clock genes have pleiotropic (i.e., 
circadian independent) roles that serve critical functions in noncircadian molecular pathways? Answers 
to these questions are expected to lead to a more detailed understanding of how whole body circadian 
desynchronization, such as occurs during shift work or persistent LD phase reversal, leads to internal 
physiological malfunction. 

The molecular circadian clock is now known to regulate the rhythm of expression of many important 
regulatory genes that control critical processes involved in various diseases, including those that involve 
immunoinflammatory cascades.5 A key nuclear transcription gene that has been shown to be under the 
control of circadian clock genes is NF-κB.5 NF-κB is involved in cell survival and is an important factor 
controlling intracellular inflammatory processes via production of proinflammatory cytokines. NF-κB has 
been implicated in many local and systemic inflammatory disorders, including the metabolic syndrome, 
rheumatological disorders, inflammatory bowel disease, and cancer.10 Circadian desynchronization 
could potentially result in dysregulation of NF-κB activation, leading to initiation and/or exacerbation of 
the inflammatory cascade with an associated negative impact in the disease process. This mechanism 
may represent one explanation of the observed exacerbation of colitis in our phase-shifted mice. 
Further studies are needed to directly investigate the relationship between NF-κB activation and 
circadian misalignment in animals and humans. 

Another possible mechanism for why the DSS-induced colitis may have been more severe in the phase-
shifted animals is that there may be a decrease in the amount of sleep or in sleep quantity in the phase-
shifted animals. In addition to disturbed circadian organization, a hallmark of shift work in humans is 
chronically reduced sleep time (U.S. Congress, Office of Technology Assessment, Biological Rhythms: 
Implications for the Worker, OTA-BA-463, Washington, DC: U.S. Government Printing Office, September 
1991). Indeed, we have recently demonstrated that sleep deprivation without phase shifting the LD 
cycle can also exacerbate the effects of DSS-induced colitis in mice (Tang Y and Preuss F, unpublished 
results). We are unaware of any data in the literature on the effects of chronic phase shifts in the LD 
cycle on total sleep time. It may well be that some of the adverse effects associated with circadian 
disruption may be due to the impact of this disruption on sleep amount and/or sleep continuity. Given 
the long-term adverse health effects associated with shift work in humans, it is clearly of great 
importance to determine the roles of circadian disorganization and sleep loss in mitigating these disease 
conditions. 

Our data suggest that circadian disruption has deleterious effects when it is combined with other 
pathological events and thus can negatively impact the pathological course of the disease. The present 
results in mice provide a scientific foundation for examining the impact of circadian desynchronization 
and misalignment, as occurs in shift workers, on inflammatory disorders. These findings may have 
important implications not only for specific disorders associated with the gastrointestinal tract but also 
for the potential importance of circadian synchronization for overall health and management of patients 
with systemic diseases. 
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Perspectives and Significance 
Colitis is an inflammatory bowel disease of the large intestine characterized by acute or chronic episodes 
of abdominal discomfort and pain, frequent diarrhea, loss of body weight, and fatigue, among other 
symptoms. If left untreated, patients have an increased risk of colon cancer. The underlying cause of 
colitis is unknown, and similarly, it is unclear what provokes the onset of acute flare-ups. Interestingly, a 
few clinical studies have shown perturbations to the sleep-wake cycle to be associated with 
inflammatory episodes;7,20,21 however, no controlled clinical studies have been performed to determine 
the causative relationship. In combination with clinical reports, our finding that chronic phase shifting of 
the LD cycle exacerbates the symptoms of colitis in mice strongly supports the hypothesis that circadian 
disturbance may contribute to the occurrence and severity of acute and/or chronic colitis episodes and 
raises the possibility that chronic circadian disruption may impact the progression of other pathological 
conditions. 
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	Abstract
	Continuous disruption of circadian rhythms, as seen in human shift workers, has been associated with the development of a number of adverse mental and physiological conditions. However, scientific evidence linking circadian disruption to overall health, particularly in animal models, is not well documented. In this study, we have demonstrated that exposing C57BL/6J mice to 12-h phase shifts every 5 days for 3 mo had no effect on body weight or intestinal physiology. However, when animals were further challenged with dextran sodium sulfate to induce colitis, chronic shifting of the light-dark cycle led to a dramatic increase in the progression of the colitis as indicated by reduced body weight, abnormal intestinal histopathology, and an exacerbated inflammatory response. These data indicate that circadian disruption is an important predisposing factor that may provoke the onset or worsening of various disease states such as inflammatory disorders. This study provides further evidence for continued investigations using animal models of circadian disruption to examine the consequences of circadian disruption on health when organisms are faced with a “challenging” environment.
	throughout the animal kingdom, a robust 24-h diurnal rhythmicity is exhibited at the cell, tissue, organ, and behavioral levels of the organism.9,23 Recent studies have found that the core molecular transcriptional-translational circadian regulatory feedback loop(s) is present in most cells/organs of the body (e.g., heart, lung, intestine) and that this 24-h molecular clock regulates the diurnal timing of the expression of hundreds, and possibly thousands, of clock-controlled genes.17 The circadian clock is the mechanism by which organisms achieve synchronization to their external environment and maintain internal synchronization among physiological systems. Despite the ubiquitous nature of the circadian clock and the myriad of biochemical, cellular, physiological, and behavioral processes that are under its organizational control, there are surprisingly few examples in the literature demonstrating clear, robust effects of circadian disruption on the health status or disease state in humans or animal models.
	It could be argued that the adverse mental and physical effects associated with human shift work, including several chronic diseases such as diabetes, cardiovascular disease, and gastrointestinal disorders, represent strong evidence that chronic disruption of circadian rhythmicity at the whole organism level imposes a serious challenge to human health.2,4,8 However, despite a few sporadic reports in rodents, there is very little evidence in animal models that continuous disruption of normal circadian temporal organization is detrimental to the health of the organism or that circadian disorganization is a risk factor for specific organ diseases.3,12,13,18 An increase in mortality recently was observed in old mice undergoing repeated phase shifts (6-h advances or delays) of the light-dark (LD) cycle,3 and changes in body weight have been recorded in rodents exposed to long-term repeated changes in the LD cycle (25–27). This sparse evidence supporting the importance of maintaining normal and consistent internal circadian organization for the health and well-being of animals raises the possibility that the adverse health consequences of human shift work may not be due to internal circadian disruption per se, but instead could be due to other factors such as chronic sleep loss or the social consequences associated with working and sleeping out of synchrony with the societal norm (2). It also is possible that circadian perturbation has minimal effects in healthy animals but may provoke the onset or exacerbate the severity of conditions to which the organism is predisposed due to either environmental or genetic factors. In the present study we have demonstrated that phase shifting the LD cycle by 12 h every 5 days for 3 mo had no effect on body weight or intestinal histopathology in C57BL/6J (B6) mice compared with nonshifted mice; however, chronic shifting of the LD cycle led to a drastic increase in weight loss and intestinal histopathology in animals “challenged” by chemically induced inflammation (colitis) compared with nonshifted challenged animals. These data indicate that circadian disruption may represent an important predisposing factor that could provoke the onset or worsening of various disease states.
	MATERIALS AND METHODS
	Phase shifting the LD cycle and DSS treatment.
	Necropsy for tissue collection.
	MPO measurement.
	Statistical analysis.

	Twenty-eight-week-old male C57BL/6J (B6) mice were singly housed and entrained to a 12:12-h LD cycle for 2 wk. Animals had free access to food (Harlan Teklad, no. 7012) and water throughout the study. After the entrainment period, one group (n = 16) was subjected to multiple phase shifts of the LD cycle by extending the period of light or dark every 5th day by 12 h for 3 mo. A nonshifted group (n = 15) remained on a constant 12:12 LD cycle for the 3-mo period. Between phase shifts 19 and 20, a colitis challenge was introduced to a subset of animals from the phase-shifted and nonshifted groups (11 of each group) by adding 2% dextran sodium sulfate (DSS; MP Biomedicals) to the daily water supply for 7 days.30,31 The remaining mice in each group served as a DSS control and continued to receive pure water. After the 7 days of DSS treatment, mice were given pure drinking water for a 3-day recovery period. The phase-shifted animals remained on the phase shifting schedule during DSS treatment and thus were shifted on treatment days 3 and 8 of the 10-day DSS challenge/recovery period. An illustrative overview of the experimental protocol is provided in Fig. 1. All procedures in this experiment were conducted with Animal Care and Use Committee-approved protocols.
	Fig. 1. Protocol for phase shifting the light-dark (LD) cycle and colitis induction. The diagram illustrates the applied phase-shift paradigm over the 107 days of the study. Fifteen animals (n = 15) were kept continuously in a 12:12-h LD environment (nonshifted), whereas 16 mice were subjected to 12-h reversals of the LD cycle every 5 days continuously for 3 mo (phase shifted). Two percent dextran sodium sulfate (DSS) was added to the drinking water to a subset of animals (n = 11) from both the nonshifted and phase-shifted groups at the beginning of day 98 (treatment day 1). After 7 days of DSS administration, the water supply was replaced with DSS-free water for a 3-day recovery period before euthanasia and tissue collection. The phase-shifting LD cycle continued during the DSS treatment and recovery period (right).
	Fig. 1. Protocol for phase shifting the light-dark (LD) cycle and colitis induction. The diagram illustrates the applied phase-shift paradigm over the 107 days of the study. Fifteen animals (n = 15) were kept continuously in a 12:12-h LD environment (nonshifted), whereas 16 mice were subjected to 12-h reversals of the LD cycle every 5 days continuously for 3 mo (phase shifted). Two percent dextran sodium sulfate (DSS) was added to the drinking water to a subset of animals (n = 11) from both the nonshifted and phase-shifted groups at the beginning of day 98 (treatment day 1). After 7 days of DSS administration, the water supply was replaced with DSS-free water for a 3-day recovery period before euthanasia and tissue collection. The phase-shifting LD cycle continued during the DSS treatment and recovery period (right).
	/
	Fig. 1. Protocol for phase shifting the light-dark (LD) cycle and colitis induction. The diagram illustrates the applied phase-shift paradigm over the 107 days of the study. Fifteen animals (n = 15) were kept continuously in a 12:12-h LD environment (nonshifted), whereas 16 mice were subjected to 12-h reversals of the LD cycle every 5 days continuously for 3 mo (phase shifted). Two percent dextran sodium sulfate (DSS) was added to the drinking water to a subset of animals (n = 11) from both the nonshifted and phase-shifted groups at the beginning of day 98 (treatment day 1). After 7 days of DSS administration, the water supply was replaced with DSS-free water for a 3-day recovery period before euthanasia and tissue collection. The phase-shifting LD cycle continued during the DSS treatment and recovery period (right).
	Body weight loss is the most consistent and reliable continuous marker for the severity of disease state in the DSS model of colitis.30,31 Therefore, we monitored body weight to assess both the severity and progression of the DSS-induced colitis in the phase-shifted and nonshifted animals throughout the 7 days of treatment and the 3-day recovery period.
	At the end of the 10-day DSS protocol, animals were euthanized using an isoflurane chamber, and necropsies were performed to remove colon tissues from each animal. The total colon was separated into three equal-size parts from the distal to the proximal end, and each part was further separated into two pieces; one was fixed in 4% (wt/vol) paraformaldehyde in PBS and used for tissue histopathology, whereas the other was used for myeloperoxidase (MPO) activity analysis.
	Thick (7 μm) sections of all fixed tissue samples were stained with hematoxylin and eosin to examine histological changes, as described previously.22,29 All samples were scored blindly by a gastroenterological pathologist (see Acknowledgments) to determine intestinal inflammation and tissue damage. Seven different score categories were evaluated measuring destruction, inflammation, and repair. Total scores for the three separate colon sections were averaged for each individual animal. Scoring criteria and validation have been described previously.22,29
	For MPO activity assays, colon tissue samples were homogenized (50 mg/ml) by sonification in ice-cold 50 mM potassium phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethylammonium bromide (Sigma, St Louis, MO) according to a previously described protocol.1 The samples were then centrifuged at 12,000 rpm for 12 min at 4°C. The supernatant was added to a solution of O-dianisidine (Sigma) and hydrogen peroxide. The absorbance of the colorimetric reaction was measured using a spectrophotometer. MPO was expressed in units of activity per milligram of wet tissue, with 1 unit being the quantity of enzyme able to convert 1 μmol of hydrogen peroxide to water in 1 min at room temperature. MPO activity serves as a marker for neutrophil infiltration, which is a potent predictor for tissue (colon) inflammation.1 High neutrophil infiltration rates indicate severe inflammation in the target area. The relative MPO activity value was established by averaging three colon sections collected from each individual mouse to avoid effects of inflammatory spottiness in the colon area.
	Analysis of variance (ANOVA) was used to detect group × time effects in body weight measurements (see Fig. 2A) and in MPO scores (see Fig. 3B). The t-test was used to assess differences in body weight (see Fig. 2B) and histology scores (see Fig. 3A). Significance levels were set at P < 0.05 in all analyses. Statistics were performed using Statistica (StatSoft, Tulsa, OK).
	/
	Fig. 2. Body weight change during DSS challenge and recovery period. A: ANOVA for body weight for all mice alive at the end of study. The progression of weight loss (%change from day 0, means ± SE) during a 7-day inflammatory challenge (DSS was added to water supply from days 1 to 7) and a 3-day recovery period (animals received pure drinking water) is presented. Before this 10-day protocol, mice were maintained on either a stable LD schedule or a 12-h phase-shifting schedule every 5 days for 3 mo, as shown in Fig. 1. Body weight was maintained in the phase-shifted and nonshifted control groups on pure drinking water throughout the 10-day period. The effects of the DSS challenge were more pronounced in the phase-shifted group as demonstrated by an earlier onset and significantly increased loss of body weight compared with the nonshifted group. Two animals in the DSS nonshifted group and 5 animals in the DSS-treated shifted group (indicated by ⊗) died during the recovery period and were not included in the repeated-measures ANOVA analysis of body weight. *P < 0.05, phase shifted (DSS) vs. nonshifted (DSS). ‡P < 0.05, phase shifted (DSS) vs. phase-shifted H2O control. †P < 0.05, nonshifted (DSS) vs. nonshifted H2O control. B: t-test analysis of body weight for all surviving animals on each day of treatment and recovery: This graph depicts the body weight averages (means ± SE) for all DSS-challenged mice in the nonshifted and phase-shifted groups. The 2 nonshifted and 5 shifted animals that died during the recovery period were removed from analysis only on the respective days of their death. Significance was determined by a t-test comparing the body weights of all living mice on each individual day. *P < 0.05, non shifted (DSS) vs. phase shifted (DSS). The number of animals in each group beginning on treatment day 5 is indicated above each bar. Significant differences in body weight between surviving DSS-challenged animals on the nonshifted LD cycle and phase-shifted cycle were observed on days 5–9.
	/
	Fig. 3. Intestinal pathophysiology. A: histological damage stains. Representative histological stains are from phase-shifted animals with no DSS challenge (left), nonshifted animals challenged with 2% DSS (middle), and phase-shifted 2% DSS-challenged animals (right). There was no significant histology change in the colon of phase-shifted mice (left) compared with that of nonshifted H2O control mice (stain not shown). The colitis induced by 2% DSS in mice is evidenced by mild mucosal infiltration of inflammatory cells and a reduction of goblet cells (middle). The DSS-induced colitis is exacerbated as evidenced by more extensive destruction of mucosal layer and mucosal ulceration (right). These stains were used for quantitative histological analysis of inflammation (see B). B: histological damage score and myeloperoxidase (MPO) activity. The quantitative measurement for tissue damage was achieved by blindly scoring 3 independent colon sections from each animal (representative stains are shown in A) collected posteuthanasia for visual characterization of destruction, inflammation, and repair using multiple subcategories. The total score (see materials and methods) for each animal was calculated and averaged for the nonshifted and phase-shifted groups. No histological damage could be observed in any of the non-DSS-treated animals, and thus no scores are presented. The DSS challenge led to increased damaged tissue in both groups, but significantly higher levels of tissue damage were observed in the phase-shifted colons (left). MPO activity was determined from 3 colon sections from each animal. Activity levels of both H2O control groups were indistinguishable and at baseline levels of neutrophil activity (data not shown). Two percent DSS-challenged animals in both groups showed a significant 20- to 40-fold increase in MPO activity in all samples compared with the baseline activity, indicating increased neutrophil infiltration into the colon. The neutrophil infiltration process was significantly increased in the phase-shifted mice (right) compared with nonshifted mice, suggesting higher levels of inflammation in these animals. The standard errors shown indicate the variation between animals in each group, not between individual colon sections (*P < 0.01).
	RESULTS
	Body weight.
	Tissue histology and myeloperoxidase measurements.

	Body weights of the phase-shifted (26.01 ± 0.42 g, n = 16) and nonshifted animals (25.95 ± 0.30 g, n = 15) were indistinguishable from one another at the beginning of the DSS challenge (treatment day 0), indicating that persistent phase shifts of the LD cycle throughout the previous 95 days did not have an effect on body weight.
	In response to DSS, 2 of 11 nonshifted animals died and 5 of 11 phase-shifted animals died toward the end of the 10-day protocol. Based on χ2 testing, the difference in deaths between groups was not significant. In the repeated-measures ANOVA presented below, the 7 animals that died during days 8–10 after initiation of DSS treatment were not included in the statistical analyses.
	As expected, the body weights of the control (non-DSS) nonshifted and shifted mice did not change over the 10-day experimental period (Fig. 2A). However, there was a significant decrease in body weight in the nonshifted group receiving DSS compared with the nonshifted H2O control group [group × time interaction, F(1,99) = 17.7, P < 0.001]. This significant difference in body weight first appeared on treatment day 6 (nonshifted DSS vs. nonshifted H2O control, P < 0.01; Fig. 2A). In the phase-shifted group receiving DSS, there was a dramatic reduction in body weight compared with the phase-shifted H2O control group [group × time interaction, F(1,99) = 34.8, P < 0.001; Fig. 2A] with the first significant decrease in body weight observed on treatment day 5 (phase-shifted DSS vs. phase-shifted H2O control, P < 0.01).
	In a final comparison, phase-shifted DSS mice exhibited a significantly lower body weight compared with nonshifted DSS mice [group × time interaction, F(1,117) = 6.8, P < 0.001; Fig. 2A]. This group difference emerged on treatment day 4 (phase-shifted DSS vs. nonshifted DSS, P < 0.01) and persisted throughout the treatment and recovery periods. These data indicate a significant interaction between phase shifting and DSS with a magnitude greater than DSS alone.
	To analyze the weight loss progression of all DSS-treated animals, including mice that died near the end of the protocol, which were not included in the repeated measurement statistics above, we compared body weight differences for all living animals on each of the seven DSS treatment days as well as during the three recovery days. The analysis revealed more advanced body weight loss in the phase-shifted mice beginning on treatment day 5 (Fig. 2B, t-test: phase-shifted DSS vs. nonshifted DSS, P < 0.05, days 5–9).
	Animals in the nonshifted and phase-shifted control (non-DSS) groups did not exhibit any histological colon tissue damage (Fig. 3A, left). As expected, the DSS-treated groups had a clear elevation in the histological damage score22,29 (representative stains in Fig. 3A). The colitis induced by 2% DSS in the nonshifted mice is evidenced by mild mucosal infiltration of inflammatory cells and reduction of goblet cells (Fig. 3A, middle). The DSS-induced colitis is worsened in phase-shifted mice as evidenced by more extensive destruction of mucosal layer and mucosal ulceration (Fig. 3A, right). The degree of DSS-induced histological damage was significantly greater in the phase-shifted DSS group compared with the nonshifted DSS group [Fig. 3B, left; t(13) = 3.31, P < 0.01].
	There was a trace amount of MPO activity in both phase-shifted and nonshifted H2O control groups attributable to normal basal activity (<10 U/mg tissue) with no significant difference between the H2O control groups (data not shown). MPO activity significantly increased following DSS administration in both the phase-shifted and nonshifted groups compared with the respective H2O control groups [drug main effect, F(1,21) = 179.7, P < 0.001]. The MPO activity was significantly greater in the phase-shifted DSS treated mice compared with the nonshifted DSS-treated animals [Fig. 3B, right; condition × drug interaction, F(1,21) = 7.5, P < 0.01].
	DISCUSSION
	Perspectives and Significance

	In the present study, male B6 mice exposed to a 12-h shift of the LD cycle every 5 days for a total of 3 mo exhibited body weights and measures of intestinal physiology that were similar to mice on a constant 12:12-h LD cycle for the same period of time. However, when animals were presented with a physiological challenge by mimicking a model disease state (e.g., a DSS challenge to imitate an intestinal inflammatory disorder, colitis) significant effects of circadian disruption were revealed. In response to DSS treatment, the phase-shifted mice exhibited more severe colitis symptomatology compared with DSS-treated animals that were not phase shifted, as indicated by greater body weight loss, colonic inflammation (MPO levels), and tissue injury (histopathology score). After DSS treatment, there was a trend for increased mortality in the phase-shifted DSS group (5 of 11) compared with the nonshifted DSS group (2 of 11), whereas none of the phase-shifted control (pure water) animals died. These data reveal that in healthy control (non-DSS) mice, repeated phase shifts of the LD cycle had little effect on body weight or intestinal physiology, whereas phase shifting had detrimental effects in animals that manifested coexisting colitis symptomatology. More broadly, we were able to utilize an animal pharmacological model of colitis to support the generalizable hypothesis that chronically phase shifting the 24-h LD cycle in the context of acute and/or chronic illness can aggravate the severity and/or progression of an existing disease state.
	A basic function of the circadian clock is to entrain the organism to the external environment via cues such as the LD cycle and food availability.23 In most organisms, the endogenous circadian pacemaker oscillates with a period slightly different from 24 h. Therefore, the circadian clock makes small adjustments (i.e., entrains) each day to remain synchronized to environmental time cues. In situations where the demands of entrainment are severe, such as a time zone change or shift work, the circadian clock may not be able to fully adjust, which results in a state of acute or chronic circadian desynchronization. The most commonly studied example of circadian desynchrony in humans is shift work, where the phase relationship between external time cues and internal rhythms is chronically disrupted, due to working either a steady or a rotating shift schedule. In today's modern industrialized society, a large percentage (15–20%) of the work force is engaged in some form of shift work.2 The occurrence of gastroenterological disorders, obesity, diabetes, cardiovascular disease, infertility, and some forms of cancer are more common in shift workers compared with non-shift workers.2,4,8 These epidemiological findings provide support for the hypothesis that the chronic disruption of circadian organization may lead to, or aggravate, abnormal functioning in multiple physiological systems and increase the risk for disease.
	Many fundamental questions about the links between circadian rhythms and human disease remain to be elucidated. For example, does circadian disruption lead directly to the development and onset of adverse health outcomes, and/or do alterations in circadian processes trigger or aggravate underlying conditions that already exist or for which the individual is at risk to develop (e.g., genetic predisposition)? Why do particular individuals suffer more consequences from shift work than others, and what determines which organ systems will be affected in different individuals? Furthermore, are the effects of circadian perturbation rooted mainly in behavioral (i.e., whole body) circadian disruption, or do they extend more deeply to the molecular and genetic levels? An importance advance will be to understand what physiological and molecular factors are involved in the links between circadian regulation/dysregulation and the function of multiple physiological systems. One approach to better define the role of circadian rhythms in physiology is to develop animal models of circadian disruption under “challenging” environmental conditions. Surprisingly, there are only a few studies in the animal literature that have used experimental paradigms to alter circadian rhythms to examine the relationship between disrupted circadian organization and physiological outcomes.3,10,11,16
	Davidson et al.3 found an increase in mortality in old mice (27–31 mo of age) subjected to repeated weekly 6-h phase advances or delays of the LD cycle compared with nonshifted animals. Penev et al.18 demonstrated that weekly reversal of the LD cycle in cardiomyopathic hamsters reduced median life span by 11% compared with nonshifted cardiomyopathic control animals. These studies provide “rare” examples of the consequences of circadian disruption when combined with risk factors, such as advanced age or an underlying cardiovascular disease. Considering the high odds ratios for cardiometabolic disease in human shift work,8 it will be important to more fully characterize the role of circadian rhythms in energy metabolism and cardiovascular function under challenging environmental conditions.
	Interestingly, in young healthy rats, 12-h phase shifts of the LD cycle twice per week resulted in a significant increase in body weight compared with nonshifted rats.26,27 Using a different phase-shifting paradigm, Salgado-Delgado et al.25 held the LD cycle constant but phase shifted the sleep-wake cycle in rats by placing them in slowly rotating wheels during either the light or dark phase on alternating weeks, which led to an increase in weight gain compared with control animals. In contrast, phase shifting the LD cycle in CD1F2 female mice had no effect on body weight,16 similar to the results in the present study for the phase-shifted, non-DSS-treated mice. Since few studies have been performed, there is not enough information to determine whether there are species or strain differences in the effects of circadian disruption on health and disease.
	Because so few studies have been carried out in animals to examine the effects of disrupting circadian rhythms on specific disease states or organ systems, it is not known whether different environmental (e.g., phase reversal or phase shift in the LD cycle, or environmental-endogenous period mismatch) or genetic perturbations have similar or differing negative consequences. In the present study, we used a complete reversal of the LD cycle every 5 days in an attempt to cause a maximal disruption of circadian organization. It is of interest to determine how different circadian disrupting protocols affect the pathological progressions of various disease states in view of 1) the increase in mortality seen in old mice exposed to chronic phase shifts in the LD cycle3 and 2) the many different ways humans phase shift their work-rest schedules without any knowledge of the adverse health consequences of any particular type of phase-shifting environment.
	In the past few years, tremendous advances have been made in demonstrating the presence of cell autonomous circadian clock gene networks in central, as well as most peripheral, tissues of the body, including the liver, heart, lungs, pancreas, skeletal and smooth muscle, and the gut.11,19 These discoveries have provided a framework to begin to elucidate how the circadian clock is involved in mediating the function of multiple tissues and how different physiological processes are integrated for optimal systems level function. Circadian clock mutant animals may prove to be particularly valuable in developing new insights into the importance of the circadian clock in health. Mice harboring a mutation in the canonical circadian gene, Clock, have alterations in sleep regulation, energy metabolism, reproduction, and various neurocognitive functions.14,15,28 Deletion of the dimeric partner of Clock, Bmal1, results in cardiometabolic phenotypes,24 and Per2 mutant mice are susceptible to tumor formation.6 Although the effects of disrupting the molecular circadian clock appear to be widespread across various tissues and organs, many questions remain unanswered. For example, do perturbations in clock gene rhythms, and/or clock-controlled gene rhythms, alter physiological function in an organ-specific manner? To what extent do changes in the phase relationship of circadian rhythms between various organ systems contribute to disease states? Furthermore, do clock genes have pleiotropic (i.e., circadian independent) roles that serve critical functions in noncircadian molecular pathways? Answers to these questions are expected to lead to a more detailed understanding of how whole body circadian desynchronization, such as occurs during shift work or persistent LD phase reversal, leads to internal physiological malfunction.
	The molecular circadian clock is now known to regulate the rhythm of expression of many important regulatory genes that control critical processes involved in various diseases, including those that involve immunoinflammatory cascades.5 A key nuclear transcription gene that has been shown to be under the control of circadian clock genes is NF-κB.5 NF-κB is involved in cell survival and is an important factor controlling intracellular inflammatory processes via production of proinflammatory cytokines. NF-κB has been implicated in many local and systemic inflammatory disorders, including the metabolic syndrome, rheumatological disorders, inflammatory bowel disease, and cancer.10 Circadian desynchronization could potentially result in dysregulation of NF-κB activation, leading to initiation and/or exacerbation of the inflammatory cascade with an associated negative impact in the disease process. This mechanism may represent one explanation of the observed exacerbation of colitis in our phase-shifted mice. Further studies are needed to directly investigate the relationship between NF-κB activation and circadian misalignment in animals and humans.
	Another possible mechanism for why the DSS-induced colitis may have been more severe in the phase-shifted animals is that there may be a decrease in the amount of sleep or in sleep quantity in the phase-shifted animals. In addition to disturbed circadian organization, a hallmark of shift work in humans is chronically reduced sleep time (U.S. Congress, Office of Technology Assessment, Biological Rhythms: Implications for the Worker, OTA-BA-463, Washington, DC: U.S. Government Printing Office, September 1991). Indeed, we have recently demonstrated that sleep deprivation without phase shifting the LD cycle can also exacerbate the effects of DSS-induced colitis in mice (Tang Y and Preuss F, unpublished results). We are unaware of any data in the literature on the effects of chronic phase shifts in the LD cycle on total sleep time. It may well be that some of the adverse effects associated with circadian disruption may be due to the impact of this disruption on sleep amount and/or sleep continuity. Given the long-term adverse health effects associated with shift work in humans, it is clearly of great importance to determine the roles of circadian disorganization and sleep loss in mitigating these disease conditions.
	Our data suggest that circadian disruption has deleterious effects when it is combined with other pathological events and thus can negatively impact the pathological course of the disease. The present results in mice provide a scientific foundation for examining the impact of circadian desynchronization and misalignment, as occurs in shift workers, on inflammatory disorders. These findings may have important implications not only for specific disorders associated with the gastrointestinal tract but also for the potential importance of circadian synchronization for overall health and management of patients with systemic diseases.
	Colitis is an inflammatory bowel disease of the large intestine characterized by acute or chronic episodes of abdominal discomfort and pain, frequent diarrhea, loss of body weight, and fatigue, among other symptoms. If left untreated, patients have an increased risk of colon cancer. The underlying cause of colitis is unknown, and similarly, it is unclear what provokes the onset of acute flare-ups. Interestingly, a few clinical studies have shown perturbations to the sleep-wake cycle to be associated with inflammatory episodes;7,20,21 however, no controlled clinical studies have been performed to determine the causative relationship. In combination with clinical reports, our finding that chronic phase shifting of the LD cycle exacerbates the symptoms of colitis in mice strongly supports the hypothesis that circadian disturbance may contribute to the occurrence and severity of acute and/or chronic colitis episodes and raises the possibility that chronic circadian disruption may impact the progression of other pathological conditions.
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